To define the interplay of glomerular hypertension and hypertrophy with mesangial extracellular matrix (ECM) deposition, we examined the effects of glomerular capillary distention and mesangial cell stretching on ECM synthesis. The volume of microdissected rat glomeruli (V ,), perfused ex vivo at increasing flows, was quantified and related to the proximal intraglomerular pressure (PIP). Glomerular compliance, expressed as the slope of the positive linear relationship between PIP and V was 7.68 x 103 gm3/mmHg. Total V, increment (PIP 0-150 mmHg) was 1.162 X 106 pm3 or 61% (n = 13). A 16% increase in V, was obtained over the PIP range equivalent to the pathophysiologial limits of mean transcapillary pressure difference. A similar effect of renal perfusion on V3 was also noted histologically in tissue from kidneys perfused/fixed in vivo. Cultured mesangial cells undergoing cyclic stretching increased their synthesis of protein, total collagen, and key components of ECM (collagen IV, collagen I, laminin, fibronectin). Synthetic rates were stimulated by cell growth and the degree of stretching. These results suggest that capillary expansion and stretching of mesangial cells by glomerular hypertension provokes increased ECM production which is accentuated by cell growth and glomerular hypertrophy. Mesangial expansion and glomerulosclerosis might result from this interplay of mechanical and metabolic forces. (J. Clin. Invest. 1992. 90:1932-1943
damage from accumulated basement membrane-like material is presently unknown. Proposed pathogenetic factors include increased mesangial traffic and trapping of macromolecules (5) and direct mechanical disruption of the capillary wall (4) .
Glomerular hypertrophy, a frequent concomitant of increased intracapillary pressure, has also been proposed as the predominant factor in the development of glomerular injury (6) . Under specific experimental conditions, the pernicious effects of glomerular hypertrophy have been separated from those ofhypertension, demonstrating that the former may independently cause glomerulosclerosis (6) (7) (8) (9) (10) . Overactivity of growth-promoting factors which stimulate extracellular matrix (ECM)' production may serve to link glomerular hypertrophy with subsequent sclerosis (1 1-13). Glomerular enlargement also increases glomerular wall tension and the detachment of epithelial cells from the capillary basement membrane. This effect is independent of intraglomerular pressure changes and may also mediate glomerular damage (7, 14) . Recent evidence indicates that, while increased glomerular capillary pressure and glomerular hypertrophy may exert independent effects, they also act synergistically, causing glomerular injury and accelerated sclerosis ( 15) .
We reasoned that expansion of glomerular capillaries and stretching ofthe mesangium occurring in response to hypertension might serve as the proximate force that translates high pressure into increased ECM formation. Accordingly, we first defined the relationship between induced changes in glomerular capillary pressure and glomerular volume. We then determined ECM production by cultured mesangial cells with different rates of cell growth and whether this production responds to mechanical stretch. The results do, indeed, suggest that capillary expansion and mesangial stretching stimulate ECM formation.
Methods
Materials. The purified ECM components used as standards included rat collagen type I (Upstate Biotechnology, Inc., Lake Placid, NY), murine collagen type IV, murine laminin (both from Collaborative Research, Bedford, MA), and rat fibronectin (Chemicon International, Inc., Temecula, CA). The antibodies used were polyclonal antirat collagen type I, anti-rat fibronectin (both from Chemicon International), anti-mouse collagen type IV, and anti-murine laminin (both from Collaborative Research). All tissue culture media and perfusion solutions were based on an RPMI 1640 medium buffered with 25 mM Hepes (380-2400; Gibco Laboratories, Grand Island, NY). Proline mCi/g were all purchased from New England Nuclear Research Products (DuPont Co., Wilmington, DE). The purity of the radioisotopic internal standards was established before their use by chromatographic analysis (see below). Additives to tissue culture media were cell culture-tested quality (Sigma Chemical Co., St. Louis, MO). Specifications for the columns used for HPLC were 4.6 mm X 25 cm Ultrasphere ODS, 5-,Mm particle size (Beckman Instruments Inc., San Ramon, CA). Glomerular microperfusion. Male Fischer CDF* (F-344)/CrIBR rats weighing 280-360 g were anesthetized with an ether/02 mixture. The aorta above the renal arteries was occluded and retrograde perfusion of the kidneys was carried out via a 22-gauge needle placed in the abdominal aorta at a point between its bifurcation and the renal arteries. The perfusion solution, RPMI 1640 medium, was modified to contain the following: 5 mM d-glucose, 20 MM sodium orotate, 2 mM glycine, 0.5 mM reduced glutathione, 4 g/dl BSA, 100 U/ml penicillin, 100 Mg/ml streptomycin, and 1% of ITS + premix (Collaborative Research) (providing per milliliter, 6.25 Mg selenious acid, 5.35 Mg linoleic acid, 6.25 Mg insulin). Before use, the perfusion solution was filtered through a 0.22-Mm filter, equilibrated in a hollow fiber oxigenator (Cell-Pharm; CD Medical, Inc., The Dow Chemical Co., Miami Lakes, FL) with 5% C02/95% 02 at 370C, and its pH adjusted to 7.40 with I N NaOH. Perfusions were carried out with perfusate at 4°C for 2 min at 120 mmHg (measured at the tip of the perfusion needle) while ice-cold 0.15 M NaCI was poured over the left kidney. At the end ofthe perfusion period, 4 ml ofa 6-7 g/dl ofdye-complexed BSA dissolved in perfusate solution was infused at the same pressure. This dye-BSA complex, prepared by consecutive binding to Coomassie blue and Evans blue, was used to facilitate arteriolar and glomerular tuft visualization during tissue microdissection.
Outer cortical glomeruli, with or without Bowman's capsule, but retaining their afferent arterioles, were dissected from tissue slices taken from the left kidney. Slices were immersed in the same 4°C perfusion solution as noted above. Dissections were done using a stereo microscope (SZH; Olympus Co., Overland Park, KS) and sharpened titanium forceps. To avoid possible effects of vasoconstriction and to facilitate the intraglomerular transmission of pressure, afferent arterioles were cut short. Compliance measurements were carried out in one glomerulus per animal using microperfusion techniques previously described by Osgood et al. (16) . After transferring the dissected glomerulus to a 0.55-ml temperature-regulated observation chamber mounted on an inverted microscope (Diaphot; Nikon Inc., Garden City, NY) and containing the same solution used for perfusion, the afferent arteriole was drawn into a holding pipette and cannulated with a matching perfusion pipette while the temperature was maintained at 4°C. After cannulation, a 2-Mgm outer diameter pipette filled with a 7 g/dl solution of FD&C green was advanced into the afferent arteriole through the opening ofthe perfusion pipette, its tip being placed at a point close to the mesangial region ( Fig. 1) for the direct measurement ofhydrostatic pressure (proximal intraglomerular pressure, PIP) by the Landis technique (16) . With this technique, the flow ofdye is observed at the tip of the pressure pipette while various pressures are applied to its contents using a pneumatic transducer tester (model DPM-IB; Bio-Tek Instruments Inc., Winooski, VT); the pressure at which there is no flow of dye into the afferent arteriole or perfusion fluid into the pressure pipette, is considered the pressure at the pipette's tip. The time between killing the animal and full glomerular cannulation varied from 50 to 90 min. After the correct positioning of the pipettes was confirmed by injection ofdye, the chamber temperature was increased to 37°C. After a 10-min initial incubation period, compliance measurements were begun. All experiments were carried out using the above described perfusion solution as both incubation medium and perfusate.
The initial volume of the nonperfused suspended glomerulus (V0) and its changes during perfusion were examined by a high resolution 3-CCD video camera (DXC-750; Sony Corp. ofAmerica, Park Ridge, NJ) and monitor (PVM-1343MD; Sony) with continuous recording of the image using an extended definition digital video recorder (Betamax EDV-7500; Sony). The recorded images were quantitatively evaluated Left kidneys were perfused at con-trolled pressure for a period of 3 min with sodium cacodylate buffer at 370C using a method similar to that described above. This was followed by in situ fixation of the tissue by perfusion at the same pressure with 4% p-formaldehyde in the same buffer solution for 2 min. Glomerular volume and peripheral glomerular basement membrane (GBM) thickness were quantified by light and electron microscopic examination in transverse slices taken from the center ofthe kidneys fixed by perfusion and in the immersion-fixed samples from the contralateral kidneys. To this end, separate sections were processed as follows: (a) for light microscopy, dehydrated in graded ethanol and embedded in paraffin for staining with periodic acid-Schiff; (b) for electron microscopy, postfixed in osmium tetroxide, dehydrated, and embedded in LX-122 epoxy resin and sections stained with uranyl acetate/lead citrate. Glomerular volume was measured in 95 magnification photomicrographs obtained from the tissue processed into paraffin using a Videoplan (Carl Zeiss Inc., Thornwood, NY). The thickness of the peripheral glomerular basement membrane was determined in 16,000 magnification electronmicrographs by the method of orthogonal intercepts ( 17) in which the actual mean of width is calculated from its harmonic mean. Since previous studies in similar rats Mesangial cells. Cultured cells consisted of a cloned line isolated from glomerular mesangial outgrowths, obtained from male Fisher rats, which were characterized as described previously ( 19) . In brief, mesangial cells were characterized on the basis of: (a) fusiform appearance and the presence of intracellular fibrils as identified by transmission electron microscopy; (b) ability to grow in medium containing d-valine; (c) growth inhibition when cultured in the presence of heparin or mitomycin; (d) marked increase in guanosine 5'-cyclic monophosphate content upon exposure to atrial natriuretic peptide ( I -fold greater than control 3T3 fibroblasts); (e) presence ofdense cytoplasmic immunochemical staining for type IV collagen, fibronectin, and laminin. In addition, prolonged growth ofthese cells at confluency resulted in the appearance of "cell hillocks" containing abundant amounts of ECM material (20) . These cells have retained their mesangial cell characteristics, including typical morphology and ECM profiles, upon repeated passaging.
Application ofmechanical strain to cultured cells. Mesangial cells were seeded (2.1 to 17.0 X 104 cells/25-mm diameter well) into sixwell plates with flexible elastin-coated bottoms (Flex I plates; Flexercell, McKeesport, PA) and cultured in 1 ml/well of growth medium. This medium was RPMI 1640 containing penicillin, streptomycin, and 20% Nu-Serum (Collaborative Research). In addition, 20 mM glucose was added to enhance ECM production (21) . 18 h-5 d later, one halfof the plates were subjected to a 1-to 7-d period ofcyclic stretching (experimental group) and the remaining plates were maintained in a static environment under identical conditions (control group). Mechanical strain was achieved by controlled vacuum/pressure cycles applied to the underside of the flexible-bottom culture well using a computer-assisted system (Strain Unit"; Flexercell). This system provides precisely timed, negative pressure cycles ofcontrolled magnitude, deforming the bottom of the culture well and stretching the cells attached to its surface. As the negative pressure is applied the membrane deforms hemispherically downward from its flat position at rest, producing a region of maximal stretch in the outer annulus ofthe well (principally uniaxial strain along a radius) with a geometric decrease of strain towards zero at the center of the membrane. All experiments were carried out using alternating cycles of 10 s stretch and 10 s relaxation at a rate of three cycles/min. Vacuum intensity was set to provide maximum elongation of 19% (outer annulus), equivalent to an average elongation of -7% over the entire culture plate surface. Measurement of total collagen synthesis. When the rate of total collagen synthesis was to be measured, the culture medium was changed 24 h before the start of the radiolabeling period to an experimental medium, the composition of which was similar to that of the growth medium, but contained 0.6 mM f3-aminopropionitrile, 0.2 mM ascorbic acid, and lacked proline ( [3H] inulin measured in the acid-soluble cell extract. The cellular free amino acid pool of proline and the '4C contained in it was estimated then as the difference between this amount and the total in the acid-soluble cell extract. The contribution of medium proline was 4.27±2.21% (mean±SD) of the total cell-associated free proline. The cell layer's perchloric acid precipitate was lipid extracted and consecutively subjected to alkaline and acid hydrolysis for the measurement of total RNA, DNA, and separation of protein (22) . The final protein precipitate was hydrolyzed overnight in 6 N HCI as described above, [3H ] hydroxyproline internal standard added, and amino acids purified and separated for the quantitation of 14C incorporation into proline and hydroxyproline.
Measurement ofproduction ofECM components. In experiments in which specific ECM components were studied, their production was quantified as the total amount accumulated in the tissue culture medium during 24 h. At the start of this period, growth medium was changed to one with a composition similar to that for radiolabeling experiments, except for the absence of ['4C]proline and the replacement of Nu-Serum by 1% FCS. Medium containing only 1% FCS was used because the presence of Nu-Serum or greater concentrations of FCS resulted in increased backgrounds and reduced sensitivity of the ELISA used in the measurement of ECM components. Removal of all serum during the collection period caused both rounding and detachment ofsome cells and low recovery rates (3% or less) ofadded purified ECM components by ELISA. The incubation conditions selected for the collection period resulted in recoveries of96, 62, and 89% ofadded purified collagen I, collagen IV, and fibronectin standards, respectively. The cells from which the culture medium was obtained were harvested by treatment with trypsin and counted, or homogenized in cold perchloric acid for the extraction of RNA and DNA as noted above.
ELISA. The amount ofspecific ECM components secreted into the culture medium was quantified by ELISA, using a modification of a procedure previously described (23) . Harvested culture medium was clarified by low speed centrifugation and, except for measurement of laminin, diluted 1/2 in 1% FCS-containing fresh medium and 100 ,d
added in quadruplicate to wells ofa 96-well ELISA plate (Falcon Labware, Becton, Dickinson, & Co., Lincoln Park, NJ). All incubations were carried out for 18 h at 40C. Purified matrix components, diluted in the same medium, were added (0.5 ng-l g/well) to each assay plate as standards. At the end of the incubation period, the medium sample was removed, and the unoccupied sites blocked by 2-h treatment with 200 Al of5% nonfat dry milk (Carnation Co., Los Angeles, CA) in PBS containing 0.05% Tween. Wells were then washed four times with PBS/Tween and incubated for 3 h with 100 gl of rabbit antisera for specific ECM components. After extensive washing of the wells, an enzyme-linked alkaline phosphatase-labeled goat anti-rabbit IgG (Organon Teknika, Durham, NC) was added and the plates were incubated for an additional 3-h period. This was followed by extensive washing and the addition of 100 Ml ofa phosphatase substrate solution (Sigma Chemical Co. Immunostaining. An alkaline phosphatase avidin-biotin assay was used to visually assess the production of cell-associated ECM components. Mesangial cells, cultured as described above on flexible membranes, were subjected to a 24-h stretch period or maintained in static conditions. While attached to the supporting circular membrane, cells were fixed in acetone for 10 min at 4VC and pie-shaped wedges of membrane were cut. These sections were incubated 30 min at room temperature with an antibody directed against specific ECM components, then washed extensively with PBS. After an additional 20-min incubation with a biotinylated anti-rabbit immunoglobulin (StrAviGen' Supersensitive kit AA005R; BioGenex Laboratories, San Ramon, CA), an alkaline phosphatase-conjugated strepavidin was added. Finally, a substrate (fast red in naphthol phosphate) was applied and sections incubated for 20-40 min to allow for color development. The slides were counterstained in Mayer's hematoxylin for 5 min, rinsed in water, immersed in 0.1% ammonia water, and mounted in Crystal Mount (Biomedia Corp., Foster City, CA).
Chromatography. Amino acids were analyzed as their precolumndansylated derivatives by reverse phase HPLC using a modification of a previously described method (24) . Derivatization of purified amino acids was carried out at room temperature at pH 9.0 in a 3.5:1 molar ratio of 5-dimethylaminonaphthalene-l-sulfonyl (dansyl) chloride/ amino acids for 20 h. Preliminary work on reaction rates of individual amino acids with dansyl chloride demonstrated that this low ratio (25) while the incorporation into protein-associated ['4C]proline was considered as index of total protein synthesis. All results were adjusted for recovery rates of pure radiolabeled internal standards. Incorporation values were corrected for the mean specific radioactivity ofthe endogenous pool of free proline during the labeling period, and presented as nanomoles of free intracellular proline incorporated into medium or cell layer protein. Time-dependent variables were assessed by regression analysis. Differences between groups were evaluated using Student's t test for nonpaired or paired samples, where appropriate, and the distribution of t in a two-tailed test. Comparisons between tissue culture groups of different cell density and those variably subjected to mechanical strain were carried out by two-way analysis of variance. Significance was set at the 5% level.
Results
Ex vivo glomerular compliance. The mean volume of dissected, nonperfused glomeruli in suspension (V0) was 1.907±0.601 X 106 ,um3 (n = 5 rats, 160 glomeruli/rat). Perfusion at increasing flow rates resulted in progressive glomerular expansion which correlated significantly with the associated increment in PIP. This pressure/volume relationship was linear (R2 = 0.824±0.122, n = 13) over the range of pressures examined (Fig. 2) (Fig. 3) . These data suggest that the smaller glomeruli are less compliant (greater rigidity) and demonstrate lesser degrees of expansion than larger glomeruli at PIPs greater than 80-100 mmHg, i.e., at about the upper limits of the corresponding pathophysiological range of mean transcapillary pressure.
Glomerular volume change in vivo. Encumbered by the resilience of surrounding structures, glomeruli in vivo may not expand as intraglomerular pressure increases. To determine whether glomerular compliance also permits volume changes to occur in situ as they do ex vivo, kidneys were fixed in vivo while subjected to different perfusion pressures. As compared to values obtained in nonperfused, immersion-fixed tissue, volume was consistently greater in both the outer and inner cortical glomeruli of perfused kidneys (Table I ). This increase in volume, compared to nonperfused contralateral kidneys, achieved statistical significance at perfusion pressures of 130 and 150 mmHg (27 and 38% increase, respectively) ( Table I) . Although glomerular volume in the nonperfused kidneys is analogous to the V0 of dissected glomeruli in suspension, glomerular volume in kidneys perfused at specific pressures may not be precisely related to results ex vivo because increased pressure during perfusion via the abdominal aorta does not strictly correlate with PIP changes.
The width of the peripheral glomerular basement membrane tended to thin as the glomerular volume increased (Table I). This thinning was most evident in the outer cortex, but only achieved statistical significance at perfusion pressures of 150 mmHg (7% decrease). ;tg/mg) or cell number (sample's DNA) (Fig. 4) during 24- 120 h of mechanical stretching. In addition, the disappearance rate of exogenous proline from culture media during incubation was also unaffected, declining linearly (R2 = 0.91 ) with time at a rate of 4.15±0.26 (n = 55) nmol/h per mg DNA in control and experimental groups. After the addition of exogenous proline at the start of radiolabeling, the endogenous pool size of the amino acid increased markedly during the first 48 h and subsequently manifested a small decline. The specific ra- Period of radiolabeling for synthesis measurement (h) dioactivity of the proline endogenous pool was maximal, approaching that of proline in the medium, at 24 h. This was followed by a steady decline due to the cellular generation of new proline. These changes, however, were similar in static and stretched cultures (Fig. 5) . The secretion of collagen into the medium, i.e., the amount of intracellular free proline incorporated into protein-associated hydroxyproline, increased linearly with the duration of labeling ( Period of Cell Stretching ( h ) Figure 5 . Changes in the cellular pool of free proline and its specific radioactivity during 3 d after the addition ofradiolabeled proline to the incubation medium. Results were obtained in the same confluent cultures of mesangial cells as in Fig. 4 (Fig. 6 ). Mechanical strain induced only an early small decrease in the rate ofcollagen deposited in the cell layer without apparent effect at periods beyond 24 h. Synthesis ofspecific ECM components by mesangial cells during mechanical strain. Since the total quantity of collagen synthesized by mesangial cells appeared to be enhanced in cultures with lower number ofcells, ECM production was further Total DNA ( jg ) Figure 7 . Relationship between cell density and the rate of secretion of total collagen into the medium. (Fig. 8) . In both experimental and control groups, collagen I, collagen IV, and laminin production was highest initially and then it declined rapidly, while fibronectin, undetectable in early cultures, demonstrated maximal accumulation after 4-5 d. Collagen IV production was characteristically three-to fourfold greater than collagen I in all groups and at all time periods (Fig.  8) . At periods of maximal ECM formation, mechanical strain significantly increased the production of collagen IV, collagen I, fibronectin, and laminin (Fig. 8 ). This effect was less apparent as the cell number increased and ECM production diminished, even though this coincided with longer periods of cell stretching. Cultures subjected to mechanical strain for periods longer than 72 h also demonstrated lower cell number than controls (Fig. 8) . Therefore, results in all experimental and control groups available in three separate experiments, which included a wide range ofcell densities, were further analyzed to determine the effect ofcell number on collagen IV production. An inverse relationship between cell density and collagen IV production was evident in both control and stretched cultures (Fig. 9 ). In addition, examination of the results by analysis of variance demonstrated that both cell density and mechanical strain significantly and independently (P < 0.001 and P = 0.006, respectively) influenced collagen IV production with no interaction. Separation ofsamples in groups ofhigh and low cell number according to the mean cell content for all samples (1.5 x 106 cells) evidenced the combined effect of mechanical stress and low cell density in enhancing collagen IV synthesis (Fig. 9 ).
Since the force applied to the bottom of the culture wells does not produce a uniform mechanical strain throughout the cell layer, additional studies were aimed at identifying whether the intensity ofstretching influenced ECM production. Immunohistochemical evaluation of collagen IV production in different zones ofthe same culture well demonstrated dense granular cytoplasmic staining in cells located within the area of maximal mechanical strain (Fig. 10) . This staining decreased markedly in zones subjected to lesser degrees of strain, being similar to that in all zones ofcontrol static cultures in the most inner zone of the culture well, where strain intensity approached zero. Immunohistochemical evaluation of lamiin and fibronectin production demonstrated patterns of enhanced synthesis similar to those for collagen type IV, indicating that only a discrete population of cells, under significant mechanical strain, were responsible for the overall enhancement of ECM formation.
Discussion
Like its human counterparts, many experimental renal diseases relentlessly advance to end stage (30) . Progressive glomerular deposition of ECM is typically found in most ofthese disorders. This scarring progresses without obvious dependence on the activity ofthe initiating cause ofthe renal damage (30, 31 ) . While many factors complicating the course of renal disease have been identified capable of modulating the rate at which glomerular filtration fails (30), it is the increased intraglomerular pressure which has received the most attention (1) (2) (3) (4) 32) . This condition is characteristically associated with mesangial accumulation of ECM. Why increases in glomerular pressure should initiate progressive scarring is not apparent. Are the increase in intraglomerular pressure and the accumulation ofECM causally related? Return ofglomerular pressure to normal by dietary protein restriction or the administration ofconverting enzyme inhibitors has predictably improved the severity of glomerular injury in experimental renal disease (3, 29, 33, 34) . Because these dietary changes and pharmacologic agents may well be exerting other effects in addition to their hemodynamic actions (35, 36), the causal relationship between increased intraglomerular pressure and ECM formation has remained somewhat ambiguous. Our study suggests that by expanding glomerular capillaries and stretching the adjacent mesangial cells, glomerular hypertension stimulates mesangial matrix formation and deposition. This translation ofincreased pressure, a physical event, into enhanced synthesis of ECM, a metabolic event, could play a decisive role in the progression of renal disease. Glomerular compliance can be conceptualized as the ease with which a capillary tuft expands as luminal hydraulic pressure increases. It can be quantified from the relationship between the increments in glomerular volume associated with graded increments in intraglomerular pressure. Fig. 2 clearly establishes the linearity ofthis pressure/volume relationship in the isolated perfused glomerulus. Regardless ofthe glomerulus' initial volume, increasing perfusion pressure rapidly caused progressive glomerular expansion. The pattern of pressure drop from the proximal intraglomerular site to the open efferent arteriole is unknown. If the active filtration which is observed in these glomeruli during perfusion contributes to the dissipation of pressure, a major decrement is likely to occur in Figure 10 . Coflagen IV expression in mesangial cells grown under mechanical strain in cultures carried out in conditions similar to those in Fig. 8 (37) . There are, of course, several reasons why categorical values of glomerular volume obtained in ex vivo and in vivo studies cannot be directly compared. First, although the intraglomerular pressure must be related to the corresponding renal perfusion pressure during fixation, the precise intraglomerular pressure obtained is largely unknown due to autoregulation ofglomerular blood flow. Thus, a glomerular volume/pressure relationship cannot be determined. Second, measurements of glomerular volume in histological specimens are subject to the well-known artifacts oftissue shrinkage during the processes of fixation, dehydration, and embedding (37, 38) . Indeed, with the morphometric methods used in this study, the glomerular volumes in immersion-fixed specimens were 84% lower than values obtained in isolated glomeruli in suspension.
Others have stressed the importance ofglomerular size as a determinant of the wall tension created by a given level of luminal pressure (7) . According to Laplace's law, the wall tension of a cylindrical membrane is a product of the transmural hydraulic pressure and the radius ofthe curvature ofthe membrane (39) . Therefore, at comparable pressures, capillaries with increased cross-sectional area develop greater wall tension and they would be expected to distend more than smaller ones. The lower pressure/volume slope obtained in glomeruli smaller than 2 X 106 Mm3, although not reaching a significantly different level from the slope in larger ones (P = 0.059), suggests that larger capillaries are subjected to greater wall tension and distension, correlating nicely with the dictates of the Laplace's formulation. The reason for the apparent deviation from linearity of the pressure/volume relationship (i.e., increasing rigidity) in the smaller glomeruli at PIP above 100 mmHg, remains undetermined (Fig. 3) . If it is assumed that, even at high perfusion rates, PIP is always a reliable estimate of mean transcapillary pressure difference, then augmented mesangial cell tone during glomerular expansion is a possible cause for this increasing rigidity.
While mesangial cell bodies are located in the axial plane of the glomerular lobule, numerous cellular projections extend between adjacent capillaries and attach to the mesangial reflections ofthe glomerular basement membrane (40) . Because the microfilament bundles contained in these juxtacapillary processes frequently interconnect opposing parts of the basement membrane within the same glomerular lobule, marked cell stretching is likely to occur during diffuse capillary dilation (Fig. 11) . From the findings obtained in the isolated perfused glomerulus it can be inferred that the intensity ofthis mechanical strain will depend on: (a) the magnitude ofthe transmural pressure difference; (b) the glomerular size; (c) the degree of compliance of the glomerular structure. The latter, in turn, depends on the viscoelasticity of the glomerular supporting framework, mostly imparted by the isometric contraction (tone) of the mesangial cell (41 ) and the high flexibility ofthe network structure of its collagen type IV (42) . Pathological increases in glomerular compliance can result from those disorders that interfere with the normal association or linkage of collagen IV molecules or with mesangial cell contractility. These disorders include human and Samoyed hereditary nephritis (43, 44) and diabetes mellitus in which glycosylation of collagen disrupts cross-linking (45, 46) and the glomerular contractile response to angiotensin II is impaired (47, 48) .
The bulk of collagen synthesized by the mesangial cells used in this study was type IV. This component of ECM is also the most common type of collagen seen in normal glomeruli and in such pathological conditions as diabetic nephropathy (49) . Other studies of collagen synthesis by mesangial cells Figure 11 . The central location of a mesangial cell within a glomerular lobule and its cytoplasmic intercapillary projections is depicted. Capillary expansion, a consequence of intracapillary pressure, will result in an outward pull of the perimesangial basement membrane regions and the corresponding attachment sites of the cellular projections, inducing a tridimensional cellular stretch. 1940 have not been able to demonstrate the appropriate dominance oftype IV collagen (50, 51 ) . Cyclic mechanical strain ofmesangial cells not only enhanced the synthesis ofproteins, including collagen type I, fibronectin, and laminin, but most significantly that of collagen type IV.
The radiolabel incorporation methods used in this study to quantitate the net rate of total collagen synthesis do not account for potential differences in intracellular precursor pool compartmentation, however, they do provide an accurate measurement of the total intracellular pool of free proline and its specific activity. Therefore, apparent alterations in the synthesis rate due to changes in the specific radioactivity ofproline in the medium, proline transport rate and precursor dilution in a variable intracellular pool, are excluded. The increased synthesis of total collagen was limited to that appearing in the medium under culture conditions that inhibited cross-linking of newly formed collagen. Except for an early transient decrease, no changes were demonstrable in the measured collagen contained within the cell layer. While these studies demonstrate that enhanced net synthesis affects collagen in the culture medium during mechanical strain, the possible contribution of altered degradation cannot be ruled out.
Measurements of total collagen synthesis into the medium in confluent cultures and the identification of active secretion of ECM components by specific groups ofcells suggest that the mechanically stimulated synthesis of ECM is magnified by increasing the intensity and duration of strain. In fact, the mechanical effects of stretching were highly specific, since, within the same culture well, only the fraction of cells subjected to significant strain responded with enhanced synthesis of ECM components. Normalizing the increased formation of ECM components found in the medium for all cells in the well, therefore greatly underestimated the actual production by the fraction of contributing cells.
The total 42% increase in volume of the nonperfused (undistended) glomerulus during its perfusion at PIP [(V104 -VO) x 100/VO] resulting in transcapillary pressures approaching the upper pathophysiological limits, entails a 12% increment in the radius ofthe glomerular sphere. This approximates the 19% maximal degree of unidirectional stretch applied to mesangial cells in culture. However, the actual mechanical strain in situ may be considerably greater than in tissue culture, since in the former circumstance, mesangial cells are located centrally within the glomerular lobule and are subject to tridimensional stretch (Fig. 11 ) . In this study, repetitive stretching was arbitrarily applied at three cycles/min. It is currently unknown whether this rate approximates the oscillations in intraglomerular pressure seen under normal or pathologic conditions, nor it is yet clear whether this rate maximally stimulates metabolism of ECM. Under normal circumstances, the moment-to-moment variations in mean systemic arterial pressure of up to 32 mmHg in the rat (52) , are unlikely to induce significant changes in glomerular volume due to the precise autoregulation of intraglomerular pressure (53) . However, in circumstances in which decreased preglomerular resistance and impaired or absent autoregulation of intraglomerular pressure exist, e.g., in residual glomeruli of the remnant kidney (53) (54) (55) , in chronic passive Heymann glomerulonephritis (56) and in poorly controlled experimental diabetes (57), a more complete intraglomerular transmission of systemic arterial pressure and its oscillations is permitted. In these conditions, mean intraglomerular pressure variation caused by changes in systemic pressure may approach 10 mmHg (52, 53) . Further, the fast and high amplitude pulses of the systemic arterial pressure are transmitted intraglomerularly, inducing intracapillary oscillations of 10 mmHg under normal conditions (58) . It is not known, however, ifthis transmission is enhanced in situations ofdecreased preglomerular resistance. In combination, both these sources for variation in intraglomerular pressure may cause significant glomerular distension, since normal glomerular compliance in the rat will allow an increase in volume of 0.4% per mmHg of pressure change, as determined in this study.
How mechanical stimuli become translated into altered metabolic activity is currently unknown. The cellular sensor mechanism may involve the cytoskeletal and ECM connections formed by integrins (59). It has been suggested that cAMP may be involved in the increased total protein and collagen synthesis that has been demonstrated in cyclically stretched smooth muscle cells (60, 61 ) . Mechanical stretching of the apical membrane of renal proximal tubules activates specific calcium-permeable cation channels, suggesting that changes in cytosolic calcium may be involved in the transmission of the signal (62) . It is unlikely, however, that the metabolic response induced by mechanical stimulation of mesangial cells is due to the direct effect of released growth factors. If factors released into the medium were the proximate stimulus for ECM synthesis, then obviously all cells, and not just those subjected to the greatest strain, should increase their production rates. It could be argued, however, that the release of growth factors is indeed important, but that only stretched cells are capable of responding to the stimulus due to enhanced receptor expression or to some other intrinsic change in these cells.
Although the stimulating effect of mechanical strain on ECM production was demonstrable in both confluent and subconfluent cultures, the synthesis of ECM components was closely related to the rate of mesangial cell growth; subconfluent cultures with replicating hypertrophied cells (i.e., increased RNA/DNA ratios) demonstrated greater production rates as compared to highly confluent quiescent cultures. This observation agrees with other reports that also directly linked the rate ofcollagen synthesis with that ofmesangial and arterial smooth muscle cell growth in culture (63) (64) (65) . The in vivo relevance of these findings is evidenced by the progressive glomerulosclerosis occurring in the hypertrophied glomeruli of mice transgenic for growth hormone, where excessive deposition of ECM is closely associated with increased cell turnover (66) .
The close relationship between mesangial cell growth and ECM production suggests that excessive collagen formation may also be stimulated by glomerular hypertrophy and hyperplasia despite the absence of increased intracapillary pressure. Glomerular compensatory hypertrophy, in turn, is associated with increased capillary mean cross-sectional area and expanded volume of the capillary lumen (67). As discussed above, the larger radius ofthe hypertrophied capillaries in these residual glomeruli translates even normal intraglomerular pressure into an increased wall tension, exaggerated glomerular expansion and increased mesangial cell stretch. In this formulation, glomerular cell hypertrophy and increased mesangial cell mechanical strain should exert additive effects on the accumulation ofECM and progression ofglomerular injury. Conditions spawning these combined pathophysiological forces in-clude subtotal nephrectomy (6, 7, 14, 68) , genetically defined increased glomerular growth (8) , disproportionate growth hormone action (63), streptozotocin-induced diabetes (10, 69, 70) , and excessive protein intake (10, 40, 71) . Superimposition of increased intraglomerular pressure should worsen these pernicious events.
In most circumstances, two or more mechanical factors coexist with enhanced cell growth causing an additive effect on mesangial ECM production. In addition, associated metabolic alterations related to hyperglycemia or increased protein intake (21, 60, 72) may further facilitate the abnormally increased formation and deposition of ECM, and mesangial expansion.
